Abstract: Natural gas contains a small percentage of hydrogen sulphide which should be recovered, before the fuel distribution, since it is a toxic and corrosive component. Sulphur recovery is usually done from a catalysis process where an adsorbent material removes the sulphide from the natural gas. Since this process works continuously with large input flow rates, the catalyst reaches a saturation state and it should be substituted and/or reactivated. Chemical are the most used method for the reactivation of such catalysts; nevertheless alternative methods have been explored from some years ago. In this work a biological method is studied in order to remove the sulphur from an exhaust catalyst used in the Pemex (the Company which manage oil and natural gas in Mexico) sulphur recovery plants. A kinetic analysis is done and a mathematical model, including parameter identification, for Thiosphaera pantotropha is presented. Experimental data from a laboratory set-up are employed to do this study. A removing of around 80% of the sulphide from the exhaust catalyst is obtained from preliminary laboratory experiments. These results are comparable with the reported in the literature and can be used for a future scaling procedure.
INTRODUCTION
In this century, natural gas has received special attention as a household and industrial fuel and as raw material for petrochemical industry. It is mainly composed of methane and a small concentration of ethane, propane, butane, carbon dioxide, nitrogen, hydrogen sulphide. These two last components should be removed before the natural gas distribution since they produce oxides (responsible of acid rain) during the combustion process. In addition, the natural deposits provide crude and gas with more sulphur (Takatsuka et al., 1997) ; for this reason, the desulphurization processes should work with more strict operating conditions, and then, better catalysts are required. Removing of H 2 S is one of the main topics on the sour gas processing.
An efficient process for industrial removing of H 2 S is the direct oxidation of this one to elemental sulphur; this is known as Claus process. The reaction mechanism is as follows: first, a partial oxidation with air from H 2 S to SO 2 is performed; after that, the mixture H 2 S/SO 2 is oxidized by using a selective catalyst to obtain high purity elemental sulphur. From the process known as Modified-Claus, which uses the SuperClaus catalyst, it is possible to reach a conversion of H 2 S to S higher than 98% (Vijayan Bineesh et al., 2009; Soriano et al., 2009 ). The Natural Gas Processing Plants in Mexico, which are operated by Petróleos Mexicanos (Pemex), involve one thermal stage and three catalytic steps as shown in Figure 1 (PGPB, 2013) . The reactor R1 uses a catalyst based on titanium oxide; the reactor R2 is based on activated alumina and the reactor R3 contains a selective catalyst named SuperClaus which composition is unknown. By applying this process, sulphur recovering of 99% is guaranteed. However, the process implies serious limitations which lead the catalyst on R1 to the exhaust state; besides, the SuperClaus is not able to work with sulphur concentration higher than 2% in the input flow rate . It is worth to mention that both sulphur compounds and unconverted hydrocarbons in the feedstock are the main issues concerning Claus catalyst deactivation. Then, the reactors in the thermal stage require strict operating in order to ensure the conversion of such catalyst poisons. Some studies have been performed in order to better understand this kind of process (Signor et al., 2010; Manenti et al., 2013) . Fig. 1 . Scheme of a sulphur recovery plant from natural gas.
Several works have been developed in order to improve the transformation from H 2 S to S in the sulphur recovery plants. For example, different catalysts have been proposed such as based vanadium oxide supported on silica catalysts, zeolites, clays and alumina (Ko et al., 2007; Nguyen et al., 2009; Sun et al., 2005) ; also based vanadium/lantane oxide or molibdeno/iron (Kersen and Keiski, 2009; Leon et al., 2009; Yasyerli, 2008) .
On the other hand, once the catalyst is deactivated, it should be disposed in order to minimize environmental risks. This activity requires rigorous procedures according with environmental standards. On the catalysts from sulphur recovering plants, a high concentration of sulphur is present which is susceptible to be carried as leachate by water rain producing acid environments. Then, it is very important to remove sulphur from those materials; usually, this is done by thermal treatments but they require large quantities of energy, and this kind of methods produces some gaseous species of H 2 S which are delivered to the atmosphere as contaminant emissions.
In recent years, biologic treatments have been studied as a new alternative to remove H 2 S. In this case, some specialized microorganisms are responsible to remove the sulphured components by a natural digestion process. Those kinds of methods require small energy quantities and the environmental impact is better. It has been reported that Thiosphaera pantotropha is able to utilize sulphur in their metabolic cycle in aerobic and anaerobic conditions.
In the work presented on this paper, the ability of Thiosphaera pantotropha to remove sulphur from a based TiO 2 exhaust catalyst is evaluated; the samples of that material is provided by a Pemex sulphur recovery plant. A kinetic model of the bacterial growth is proposed and an identification parameter, by a based-least square method, is performed in order to know the kinetic coefficients. With the obtained results, it will be possible to develop a simulation platform for deeper studies of this process.
BIODESULPHURIZATION

Preliminaries
Sulphur is an abundant element on the earth and it is found as elemental sulphur, mineral sulphurs, sulphates, H 2 S in natural gas and organic sulphurs in combustible oils and coal. Sulphur is a secondary nutrient required by vegetables and animals for some biologic activities, besides, there is presence of sulphur in almost all the proteins; and then, it is an essential element for all live beings. Some sulphured components are carried to rivers and sea; this kind of sulphur is transformed into gaseous compounds such as H 2 S and SO 2 and it is delivered to the atmosphere and returns to the land. In general, it is washed out by the water rain and a part of this concentration is absorbed by plants in the atmosphere. The biogeochemical cycle of sulphur is very complex due to the different oxidation states presented by this element and because of some sulphur transformations are done by biotic and non biotic pathways. Then, the role of bacteria is very important since they are involved in several oxidizing process all along the sulphur cycle.
The biodesulphurization process is defined as the removing of sulphured compounds from a specific material by the action of microorganisms (Gordon, 1995) . This is based on the ability of some bacteria to transform reduced sulphur compounds into soluble products which are easy to eliminate. Biodesulphurization is cheaper than thermal methods concerning initial investment and operation cost, the energy consumption is less for biological methods, and provides a better efficiency since both pyritic and organic sulphur can be removed. However, biological dynamics is slower than thermal one; then, new microorganisms are required to reduce the reaction time in order to improve competitiveness of biological desulphurization at industrial scale (Biosfera, 2013) .
Thiosphaera pantotropha
Thiosphaera pantotropha is classified as a chemiolitotrophic microorganism due to their energy sources, it was isolated from a denitrificating and sulphur oxidizing medium obtained from wastewater treatment sludge (Robertson and Kuenen, 1991) . This specie has a natural ability to oxidize reduced sulphur compounds and it can grow up with a wide range of substrates, including organic ones and different carbon sources (Lesley and Gijs, 1983) . Thiosphaera pantotropha can grow up in aerobic and anaerobic conditions. In some works, it is reported a synergy of Thiosphaera pantotropha with P. denitrificans, which are able to grow up with either hydrogen or tiosulphate as electron donor (Chandra and Friedrich, 1986; Sanmugasunderam et al., 1987) .
MATERIALS AND METHODS
The exhaust catalyst
The exhaust catalyst was collected from a Pemex sulphur recovery plant when the process was in a maintenance stage. It corresponds to a based TiO material and it is used in the first stage of the process. A physicochemical characterization of the catalyst was done in order to know the structure of the material. Some of the realized tests are: elemental composition by atomic absorption, crystallographic structure by X-ray diffraction, superficial morphology by SEM and thermo gravimetric analysis.
Reactivation and growing up of microorganisms
Concerning Thiosphaera pantotropha, a freeze-dried strain was received from American Type Culture Collection (ATCC). Then, a reactivation stage was performed as follows: i) 5 mL of a culture substrate (ATCC #1396) with pH=8 were prepared, ii) 1 mL of the substrate was mixed to the freeze-dried strain in order to hydrate the pellet, iii) this aliquot was mixed in the culture tube with the medium previously prepared, iv) two samples were taken in order to get two additional culture tubes, v) the tubes were closed and incubated at 36°C during 48 h. At this time, turbidity was remarked; which indicates the microbial growth, vi) the cultures were maintained at 4 °C and strewed each month: the IFAC CAB 2013 December 16-18, 2013 tubes were centrifuged at 2500 rpm during 20 min; the biomass was transferred to culture tubes of 15 mL with new solution ATTCC #l396.
Growth kinetics
Different experiments were performed in order to evaluate the bacterial growth in normal conditions and in a substrate with sulphur. For the normal conditions, 1 mL of T. pantotropha was transferred to a flask of 250 mL containing 100 mL of ATCC #1396, the experiment was realized by triplicate. To evaluate the effect of sulphur, the reaction medium was composed of 1 mL of inoculant, 100 mL of ATCC #1396 and 0.2 g of sulphur; in an additional experiment, 0.4 g of sulphur was considered. All the cultures were incubated at 37 °C and a sample was taken every 2 h. The samples were analyzed in order to know optical density (OD) at 600 nm, pH and cellular protein, which are indicators of the biological activity.
Exhaust catalyst desulphurization tests
The exhaust catalyst (EC) employed on the biodesulphurization tests is based on TiO 2 and it was provided by Gas Processing Centre (GPC). This material is used on the Sulphur Recovering Plans of Pemex. The TiO 2 catalyst is formed by small cylindrical particles with 3-4 mm diameter and 6-7 mm long. For comparison purposes, a thermal treatment at 400 °C was applied to a fraction of the EC; the objective was to eliminate volatile species and to evaluate its effect on the biosesuplhurization experiments.
Aerobic conditions
Biodesulphurization in aerobic conditions was done as described next; a) inoculum preparation: 5 mL of refrigerated T. pantotropha were mixed with 50 mL of culture substrate (ATCC #1396) with pH=8; the mixture was incubated at environmental temperature during 25 h, at this time the bacterial growth was evaluated by measures of OD and protein (0.452 and 0.460 mg/mL, respectively), b) biological activity: 10 g of EC, 100 mL of culture substrate and 10 mL of inoculum T. pantotropha were set into a reactor, c) first comparison test: the same conditions described on point b were applied using the treated catalyst (TC), d) second comparison test: 10 g of EC, 100 mL of culture substrate without T. pantotropha were set into a reactor.
The experiments were done in 30 days at 37 °C: pH, optical density and proteins were measured every 6 days. Also, samples of catalyst (5g) were taken at days 15 and 30 in order to analyze the sulphur and carbon content by FT-IR and DRX.
Anaerobic conditions
The same methodology described in section 3.4.1 was applied for the evaluation of biodesulphurization in anaerobic conditions. To guarantee the oxygen absence inside the reactor, a nitrogen flow was injected.
It is worth to mention that in anaerobic conditions, the catalyst was analyzed only at the end of the experiments. No sample was taken at 15 days in order to avoid an alteration on the anaerobic environment inside the reactors.
MODELING AND PARAMETER IDENTIFICATION
The modelling of biodesulphurization is done in order to develop a numerical simulation platform which allows the users to study the process performances considering different scenarios. Then, the number of experiments and the cost of research activities can be reduced.
A mathematical model, based on the mass balance, is proposed as follows. Three main variables are considered: i) biomass (X T ) which corresponds to Thiosphaera pantotropha, ii) Substrate (Ss) which represents sulphur on the reaction medium including the one absorbed in the exhaust catalyst and that added to promote the bacterial growth, and iii) removed sulphur (R S ) standing for sulphur recovered by biological action. A differential equation is formulated as follows in order to represent the dynamics of each variable:
where μ is the specific growth rate of Thiosphaera pantotropha, Y 1 is the yield of the sulphur degradation by the bacterial activity, S in represents the sulphur which is added to promote the bacterial growth and Y 2 is the yield of the sulphate recovering.
Concerning the parameter identification, the objective is to determine the parameters included on the model (1-3) and on the specific growth rate. The considered identification methodology is schematized on Fig. 2 . This approach is based on the comparison between model simulations (which are obtained by using reference values for IFAC CAB 2013 December 16-18, 2013 . Mumbai, India the searched parameters) and data obtained from experiments. For each measure, the output error is computed and it is used to calculate the equation (4), where θ is a vector containing the parameters which will be identified. After that, an optimisation algorithm is implemented in order to find the vector θ, which allow to minimise J(θ). In this paper, the Matlab TM fminsearch function is used.
RESULTS AND DISCUSSION
Growing up kinetics
The kinetic behaviour of T. pantotropha is shown on Fig. 3 through the Optical Density and Cell Protein (CP). From t = 0 to t = 30 h, CP remains very near to the initial state. After that, an important increase is remarked until t = 50 h; a short steady state is observed and finally CP decreases slightly. Similar behaviour is obtained for OD; the main difference is that OD increases continuously from the beginning of the experiment. From this study, it was observed that the time required by T. pantotropha to reach the steady state is around 48 h at pH =8 in aerobic conditions. Fig. 3 . Kinetics of T. pantotropha. Fig. 4 shows the dynamics of pH and sulphates in a biodesulphurization experiment in aerobic conditions. An exponential formation of sulphates is observed from the beginning of the experiment until day 10, approximately. After that, the formation of sulphates reaches steady state. This behaviour agrees with that of pH: the acidity on the substrate increase due to the production of sulphuric acid (H 2 SO 4 ), according with equation (5). The maximum value for OD and CP agree with the steady state which has been observed on the sulphates production (Fig. 4) . This behaviour is directly related to the decrease of pH and the slow cell growth. Then, it is deduced that from day 20, the substrate is very acid producing the inhibition on the cell growth; from this time, the sulphate oxidant activity of the microorganism is reduced.
Biodesulphurization in aerobic conditions
In order to verify the biodesulphurization, carbon and sulphur were determined on the catalyst samples taken on 15 and 30 days; the sulphur concentration on the catalyst after both experiments is similar. Then, it is deduced that the inoculation before the biological treatment is not required. A removing around 46% at 15 days is obtained.
Biodesulphurization in anaerobic conditions
As said before, the same methodology for aerobic biodesulphurization was employed; only, a nitrogen atmosphere was induced inside the reactors in order to assure the oxygen absence. As can be seen in Fig. 6 , sulphates production increases exponentially until to reach the steady state. IFAC CAB 2013 December 16-18, 2013 In anaerobic conditions, pH decreases to 6, which is a lower acidity level in comparison with the experiments in aerobic conditions (pH=7.5); also, SO 4 -2 is three times higher (~4000 mg/L). Then, the metabolic activity is better performed in anaerobic conditions, since sulphur consumption as energy source is higher. A possible reason of this situation is the presence of sulphuric acid and dimetile sulphur. On the other hand, the sulphates production reaches a pseudo-steady state around 10 days, which agrees the maximum value of CP (Fig. 7) ; unlike aerobic experiments, after this time a new increase on the sulphur concentration was remarked. Concerning the treated EC, a similar behaviour than the aerobic case is obtained; the difference is related to the progressive decrease of sulphate concentration after the maximal value around 20 days (Fig. 8) .
Besides, the microbial growth (Fig. 9 ) is slower; maybe, this is due to the requirement of a larger adaptation stage. Fig. 9 . Optical density and Cell protein considering the anaerobic biodesulphurization of the treated catalyst.
Finally, it was observed that anaerobic conditions allow the microorganisms to perform a better removing of sulphur: 81% of the sulphur was removed from the test with inoculant and 75% for the test without inoculant.
Specific growth rate model and parameter identification
For the specific growth rate of Thiosphaera pantotropha, a Monod structure was considered (equation 6). The degradation of the sulphur on the EC is shown in Fig. 11 . Since there were no measures during the experiments, only the simulated data are presented. The degradation dynamics corresponds to the dynamic of the bacterial growth and the transformation yield is near to the real one. Finally, the comparison of measured recovered sulphate with the simulated one is shown in Fig. 12 . The maximal value is well reproduced by the simulation but in the transient stage an important error is remarked.
CONCLUSIONS
The biodesulphurization of an exhaust catalyst by using Thiosphaera pantotropha has been presented. Aerobic and anaerobic conditions were considered in the experiments performed in order to remove H 2 S from a real exhaust catalyst provided by a Pemex. From experimental data, it was found a removing of H 2 S around 80%, which is comparable with reported data. Using the experimental data obtained at lab scale, a mathematical model of the biodesulphurization process is proposed and the methodology for the parameter identification was developed. The specific growth rate of Thiosphaera pantotropha was modelled as a Monod type. Identification results are acceptable but a deeper study is required in order to improve the simulation of different scenarios.
